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EXPERIMENTAL, INVESTIGATION OF TURBOJET~ENGINE THRUST AUGMENTATION BY
COMBINED COMPRESSOR COGLANT IRJECTION AND TA.]I.-P]TE.BURNING—

By James W, Useller and John H, Povolny

SUMMARY

An investigation of comblned compressor coolant InjJection and tail-
pipe burning as a means of turbojJet-engime thrust augmentation was con-
ducted at sea-level, zero ram condltions on & 4000 pound thrust, axlel-
flow-type turbojet engine, Water - alcohecl Injection flows from 2 to

‘5 pounds per second were introduced Into the compressor in conjunction

wlth tall-plpe burner.fuel-air ratios from 0.017 to stolchicmetric.

The maximum sugmented thrust retlo obtained during the Investigation
was 1.70,which resulted from & combination of nearly stolchiometrlc fuel-
gir ratlio in the tall-plpe burner and 2.0 pounds per second compressor
injectlon at the engine inlet. Achlevement of greater augmentation by
combination injection rates greater than 2 pounds per second with high
fuel-ailr ratios in the tail-pilpe burner was precluded by inefficlent
ard unsteble combustion in the taill-pipe burner. Tail-pipe burner
combustion temperatures and efficlencles decressed with the addition
of alcohol and water vapor from the compressor coolant injection. The
unaugmented thrust loss due to the combined augmentation system components

was approximately 1 to l% percent of the thrust,

INTRODUCTION

The successful use of coolant injectlon into the compressor and
tall-pipe burning as independent methods of avgmenting the performance
of the turbojet engine logically suggests the combined applilcation of
thege methods to obtain even greater sugmentation, The large amount
of addlitional thrust that may be anticlpated from the combined augmen-
tation system would result in improvement of the take-off and climb
chargcteristics of current alrplanes arnd would be useful in lncreasing
the acceleration of high-speed alrcraft during transonlc operation.

The analytical Investlgation presented in reference 1 considers
the combined operation of compressor coolant Injection and tall-pipe
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burning, and indlcates that In combinatlon the individual methods of
sugmentation augment each other; that 1s, the resultant increase in
englne performence is.approximately equal to the product of the aug-
mented thrust ratlos obtalngble wlth each system. In order to deter-
mine experimentally the magnltude of thé avallable augmentsatlon and to
study the practicael limitations of the combined asugmentation system,

an Invegtigation wag conducted at the NACA Iswls laboratory durlng 1950
on & 4000-pourd thrust, exial-flow-type turbojet engine operating at
seg-level, zero ram conditions

The Introduction of the coolant at the engine inlet was used for
"moderate Injscted flow rates end campressor interstage injection of the
coolant was asdded for ligh rates of coolant inJjectlon (in excess of

3 lbs/Eec or & coolant-alr retio of 0.05). Independent tail-pipe burmer
perfcimeance was Investlgated for s range of fuel-alr ratios from spprox-
imately 0.017 to stoichlometric. The investigation of the combined-—
augmentatlion systenm included a range of campressor injectlon flow rates
from 2 to 5 pounds per second for each of several taill-pipe burner fuel-
air ratlos up to elther sitolchiometric or the combustion stabillty limit.
The thrust augmentmtlon end accompanylng liquid-consumptlion resulis are
presented In edditlon to the calculated tall-plpe burner gas temperatures
and. combustlon efficliencies obtalned during the invesitigation.

APPARATUS

ine. - The lnvestigation was conducted on an early productlon
model axlal-flow-type turboJet englne with a nominal military rating
of 4000 pounds of thrust with & rotor speed of- 770Q rpm, and a turbine
digcharge gas temperature of 1200° F at sea-level &nd zero ram
conditions. The engine hes en ll-stege exial-flow campressor, 8
oyllindrical combustion chambers, and a slngle-stage turblne. Addl-
tilonel compressor balance alr and bearing cooling alr was provided from
an outsilde source to auvgment the alr bled from the compressor (detailed
description in reference 2) to prevent contamination of the lubrication
gysten by the injected water - alcohol mixture and to insure against
failure of the bearings. -

Engine Ingtallation. - A schematic dlagram of the engine Installa-
tion is ghown in figure 1. The engine was mouwnted on a swinglng frame
suspended from the celling of the test chamber. The englne tall plpe
extended through a diaphragm-type slot in the rear wall into a sound
muffling chamber, in which the pressure was approximately atmospheric.
The englne thrust was balanced and mesasured by & null-type alr-pressure
diaphregm. The greater portion of the englne combustlon alr was ducted
from the atmosphere into the alr-tight test chamber and measured by a
26-inch diemster, long-raedius ASME nozzle. The bearing cooling alr was
discharged from the englne into the test—cell after fulfllling 1its
function and was metered by an ASME flat-plate orifice.

o
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Coolant injectlion systems. - The compressor coolent injectlion was
accomplished by inlet and interstage injection of a water - alcohol
mixture. The inlet-injection system consisted of 34 convenbional
atomlzing nozzles installed in a ring at the englne Inlet. The
interstage-injection system used in this investigetlon was identical
to the "single-stage” system described In reference 2, and consisted
of twenty 0.045-Inch diameter interstage nozzles Ilnstalled in the gixth
stage of the compressor used in conJunctlon with the Inlet inJjection
nozzles. : '

Tall-plps burner. - The tall-pipe burmer conflgurabtion used in thils
investligation was based on the design varlables found to be deslirable
for optimum operstion as reported in reference 3. A schematic dlagram
showing the genersl physlcal arrangement of the engine amd tail-plpe
burner 1s presented In figure 2. The standard 2l-inch diameter tall

plpe was replaced by a ng.-inch dlameter tail pipe that was spproximately

72 inches long. The tall pilpe was conngc‘bed. to the englns by me&ns of
a 36-Inch long diffuser section of 1 to 1.4 area ratio, embodying a
constant rate of arbas change with length. The downstream end of the

diffuser inner cone terminated in a Sé-inch dlameter blunted section

that served as a flame seat durlng operatiom of the tail-pipe burner.
There were 12 fuel-gpray hars capable of belng immersed to varlous

depths across the annulus 1lnstalled 12 Inches upstream of the diffuser
discharge. The basic fuel-spray bar deslign designated as arrangement A
is shown in figure 2. Arrangement B provided that the innermost pair

of orifices be enlarged to 0.060 lnches Iin dlameter and that a 0.060-inch
dismeter hole be added to the spray<bar tip. The tall-pipe burner
ignitlion system was of the hot streak type (reference 4), which utilized
an additional fuel nozzle installed midway along one of the primary tom-
bustion chambers.

Two flame holders, deslgnated flame holders A and B, were used
during the investigation. Each fleme holder was Installed approx-
imately 26 inches downstream of the fuel spray bars. Flame holder A
(f1ig. 3(a)) was a two-ring, corrugebed, V-gubtter type that blocked
31 percent of the tall-pipe burner cross-sectlonal area. Flame holdsr B
(fig. 3(b)) was a two-ring, plain V-gutter type that blocked 36 percent
of the tall-pipe burner area.

A series of fixed-area conical exhaust nozzles ranging in exit
dlameter from 18.75 to 25.00 inches were used during most of the inves-
tigation. For the nonburning runs and for the camblinatlon runs during
which the water - alcohol mixture wes only injected at the englne inlet,
a variable-area clamshell-type nozzle was used.

Fuels and coolant mixture. - Fuel conforming to specification
MI1.-F-5624 was burned in the engine primary combustor, and fuel
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conforming to specification MIL-F-5616 was burned 1n the tall-pipe
burner. A water - alcohol mixture containing 30 percent by volume of
alcohol was InJected into the compressor, The alcohol was g blend of
50 percent ethyl amd 50 percent methyl alcohol by volume, The water
was obtained from the damestic supply. )

Ingtrumentation, - The locations of the instrumentation for tem-
perature and pressure messurement are given in figure 2, The tem-~
‘peratures recorded, and the nuwiber, type, and looation of thermocouples
wore as follows: .

(a) Total temperature at englne inlet (station 1) Tq: average
of 20 irdlvlidually recorded thermocouples, S in each of 4 rakes 90°
apart at the inlet cowling, :

(b) Gas temperature et turbine discharge (statlon 5) Tg: average
of 16 unshielded strubt-type thermocouples equally spaced around one-half
the circumference of the diffuser section and located approximately
4 inches downstream of the turbine dlscharge.

(c) Gas temperature at tall-pipe burner inlet (station 6) Tg:
average of 8 unshielded strut-type thermocouples equally spaced around
the circumference of the tall-pipe burner, Thesge thermocouples were
instelled only dwring runs for whichk the tail-plpe burner wes lnoperetive,

The pressures measured and the number, type, and location of ﬁres-
gure tubes were as followa:

(a) Total and static pressure at the engine Inlet (statlon 1) were
agsumed equal to test-cell static pressure that was medsured as the
average of two static tubes. in a gqulescent zone of the test cell,

(b) Static pressure. at exhaust-nozzle discharge (station 7) p7:
two statlc-pressure probes manifolded and installed in the sound-muffling
chember 1n the plene- of the exhaust nozzle.

Thege and all symbols used in this repart are given in appendix A,

PROCEDURE

The augmented performance pregented hereln was determined at mea-
level, zero ram conditions with an average engine-inlet temperature
of 800 F, a constant engine sgpeed of 7610 rpm, and a constant indicated
turbine-discharge gas temperature of 1200° F. The range of teat con-
ditions covered, the exhaust-nozzle diameter, the fuel-spray-bar design

Vizo
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and immersion depth aoross the 5%—1nch diffuser annulus (designated as

the distance from the wall of the diffuser inmer cone to the tip of the
spray bar), and the particular flame-holder design used during the
augnentatlon runs are presgented in the following table:

Range of Range of Exhaust~ |Fusel-spray- |[Flame-
tail-pipe compressor nozzle |bar design |holder
burner fusl- |injection flow|dlameter | immersion |design
alr ratlos rates (in.) jdepth from
(1b/sec) : cone, (in.)

0.017 - 0.020{0, 2.96 - 4.97| 18.75 |A  1/2 B
.019 - ,024|0, 2.95 - 5,04| 19,50 | A  1/2 B
.024 - ,036(0, 2.99 - 5,11 20,25 B 3/4 B
.039 - ,059|0, 2.93 21.00 B 1 A
.038 - ,067(0, 2.92 - 4,01} 21.00 {B  3/4 B
.058 0 21,75 B 1 B
.085 0 22,00 B 11/4 B
087 0 22.50 |B 13/8 | B
.035 - .084]| 2,0 variable | B 3/4 B

The tail-pipe burner fuel-air dilstributlon was varied by adjustment
of the immersion depth of the fuel-spray bars across the diffuser
annulus and by uslng one of the two spray-bar desligns. Malntenance of
the proper fuel-air distribution was critical in attaining stable com-
bustion in the tail-pipe burmer. The problems encountered due to thls
instabillity will be discussed in a laber section of this report.

For gll combination runs a premixed coolant of wabter and alcohol
was inJected into the compressor. For the runs during which water -
alcohol mixture was injected at both the inlet and the sixth stage of
the compressor, the flow was evehly divided between the stations. All
the combination runs except those with inlet Injectlon alone were con-~
ducted with the series of fixed-ares exhaust nozzles, For each exhaust-
nozzle size the lnJected flow was set at values within the range given
in the table and at each inJected flow, the tail-pipe burner fuel flow
was set at & value glving a bturbine-discharge-gas temperature of
1200° F, The combination runs with inlet injection were conducted with
& variable-area exhaust nozzle and at a constant inJected flow of
2 pounds per second. The use of the varisble-area exhaust nozzle for
the complete test program would have been desirable because it would
have expedited the testing, but unfortunately 1t was not made avallable
until. the later phase of the program, For the runs during which the
variable-ares exhaust nozzle was used, several tail-plpe burner fuel
flows were establighed; and at each fuel flow, the variable-area nozzle
was closed until the 1im1ting turbine- discharge temperature of 1200° F
wasg reached,
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A serles of normal performance runs was made to provide a basis
of comparison of the augmented englne with the unaugmented,  For these
runs thes standard 21-inch diemeter tall plpe was used, The thrust
lossges due to the tall-plipe burner flame holder and fuel-spray bars
during unsugmented operation with ths ng-inch diameter tall plpe were
determined with a contlnucusly variable-ares exhaust nozzle,

For the type of engine lnvestigated 1t—1s good practice to measure
the indicated turbine-dlscharge gee temperature at & station in the tail
pipe where the gas has become well mixed and the btemperature gradlents
are small. When operating without tail—pipe burning, station 6 ade~
guately fulfllled this requirement and was used, During operation with
tall-pipe burning, statlon 5 was selected for the turblne-discharge
temperature measurements gince mo station downgtream of the fuel-spray
‘bers could be used because of the danger of elther raw fuel impinglng
or flame seatling omnr the thermocouples., Inasmuch as gtation 5 ia located
in a reglon of steep and shifting temperature gradlents 1t was nscesgsary
to determine a temperature calibration of statlion 5 egeinst the tem-
peratures at station 6 for both compressor coolant injection and non-
injectlon runs. This calibration was then used during the ccmbination
runs in setting the desired turbine-dlachairge—gas temperature.

RESULTS AND DISCUSSION
Engine Performance _

In the following discussion a comparison is mede of the augmentation
of turbojet=engine performance by compresscr coolant Iinjection, tall- .
pipe burning, and by thelr combined application. Primary consideration
has been glven to the attalmment of maximum thrust augmentation, although
the liquid requlrements necessary to achleve the augmentatlon are
presented., In the course of the investigation several fundsmental com-
bustion problems were encountered and are discussed in detail

Augmented engine performance. -~ The experimentally determined per-
formance of an axial-flow-type turbojet engline utilizing the comprsssor-
injectlon system, the tall-pipe burning system, and the combined-
avgmentation system_is prssented In figure 4. Augmented thrust ratio
(ratio of augmented thrust to normel-performance thrust) 1ls presented
as a function of augmented liguid ratio (augmented total liguid con-~
sunption to normal fuel flow). The normal performance data used in
determining the sugmented performance were obtalned from the standard
englne configuration exclusive of the tailrpipe burner or, compressor=
Injectlion components.

The augmesnted performance produced by use of the campressor-Iinjection
gystem shown in filgure 4 is based on the data presented In reference 2.
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The absence of a variable-area exhaust nozzle during the initial phase

of this investigation precluded Independent investigation of the
compressor-injection system, but the data compared here were obtained

on a similar model engine equipped with an identical compressor-injectlon |,
configuration., The compressor-injection system opersating with an engine-
inlet alr temperature of 80° F produced an augmented thrust ratio of

1.22 with an augmented liquid ratio of approximetely 7. The nature of
this curve is such that additional thrust asughesntation is attainable only
at the expense of greatly lncreased injected flow.

The performance of the tall-pipe burner system shown was obtained
with a series of fixed-area exhaust nozglog, each making operation
possible at limiting turbine-discharge temperature with a different
tail-pipe burner fuel-air retic., A meximum augmented thrust ratio
of 1.51 was obtalned at stolchiometric fuel-air ratio and an augmented
liguid ratio of 3.96. This performance favorably approaches the ideal
performance predicted 1n.reference 1; that 1s, an sugmented thrust
ratio-of 1,55 is theoretically predlicted for an augmented liguid ratio
of 4,00 and stolchiometrlc combustion.

The augmented performance obbtalned by the use of thse combined-
avugmentation system is shown for coolant-injection retes of 2, 3, 4,
and 5 pounds per second, The curves obtalned have been extrapolated
to the augmentation obtalinable with compressor coolant inJectlon
independent of tall-pipe burning, so that esch curve repregents a range
of tall-plpe burner fuel-air ratlos from zerc to the maximum obtainable
with the combination. The maximm sugmented thrust ratio obtained dur-
ing this investigation was 1.70 with & fusl-alr ratlo of 0.084 in the
tall-pipe burner and a compressor-injJection rate of 2 pounds per second
giving a combined augmented liguld ratioc of 5,6. The maximm augmentation
obtainable with compressor coolant injection decreased with an increase
of injectlon rate because of the greater susceptibility to unstable and
inefficlent combustion with lncreased concentration of water and alcohol
in the tall pipe. Combustion instabllity lncreassed with injection flow
rate thereby limiting operation of the combination-augmentetion system
to slightly lower fuel-air ratios as the compressor inJection flow rate
was8 increased, A dilscusslon of the probable causes and effects of com-~
bustion instablllty is included in a later section.

For small requirements of thrust sugmentation the compressor-
Injection system would be desirable due to its simplicity as opposed to
the more complex tail-pipe burning system. For applications requiring
moderate. smounts of thrust augmentation, augmented thrust ratios up to
approximately 1,5, the greatest economy of liquid consumptlon for a
given smount of augmentation is attainable with the tail-pipe burning
system, In order to obtain augmented thruet ratios in excess of 1.5
it is necessary to resort to the combined-augmentation system, Although
the maxIimum augmentation obtalned during this investigation was limited
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to 70 percent, thls system appears to have potentialities of reaching
gt1ll higher smounts of augmentation provided combustion inefficlency
gnd ingtabillity can be overcoms at high InJected flow rates.

A sumary of-the augmented performance obtalned wlth each of the
three systems of sugmentation 1is presented in figure 5. The locus of
the experimental limits obtained by combining varilous compressor

injected flows wilth tail-plpe burning is shown for the combined- - '

eugmentation system. The locus of the polnts of maximum augmented thrust
ratio predlcted by a theoretical analysle is shown in order to 1lndlcate
the level of augmentation that mey be anticipated from thie system. The
theoretical maximums curve was determined by consldering the teil-plpe
burning system. as operating 1n series wilith the compressor-injectlon
gystem for several compressor-injection flow rates, It is nobted thatb

the combustlon stabllity 1limit curve, which represents the greatest
augmentation obtalned with approximstely stoichiocmetric fuel-air ratilo
and with each compressor-injection flow rate, ls less than that indicated
by the theoretlcal meximms except-for the condition of 2 pounds per
gecond of compressor Injectlon. This condition included the minimum -
amount of water -~ alcohol Injectlon Investigated and nearly stoichio-
metric fuel-alr ratlioc in the tall-pipe burner. Witk lncreased 1nJected
flow rates and therefore increased gugmented liguid ratios the exper-.
imental maximums curve deviates more msrkedly from the -theoreticelly
predlcted performance because of decregsing combustlon efficlency and
poorer stablllty with increasing injected flow. From these consid-
erations the current applicatlons of the combined-augmentation system

tec turbojet engines and tall-pipe burners of thls design should appear-
ently be limited to low compressor-inJection.rates until the caﬁbustion
problems have been overcome,

Tail-pipe burner combustion performance. - The tail-pipe burner
combugtion efficiencies and temperatures encountered during independent
operatlon and in combinmation wlth compressar coolant inJectlon are pre-
sented in figure 6. The tail-pipe burner combustion temperature and
.efflclency were calculeted from measured values of thrust, mass flow,
and exhaust-nozzle exlt area with the unburned alcohol present in the .
tall-pipe burner considered as an equivalent fuel. The tall-plpe burner

Pusl-air ratid was based on the unburned ailr, that 1s, the glr that was
available for combustlon in tha teil-pipe burner., The combustion
efficlency was computed as a ratlo of the actual enthalpy rise across
the combustor to the heat inpubt—of the fuel and was based on the cal-
culated combustion temperature. The alcohol that remained unburned
after the primery combustion process was considered to burn in the tail-
plpe burner and was reduced to an equivalent fuel for the purposes of
the calculation.  If the alcohol input to the tall-pipe burner was )
consldered negligible in the combustlion calculations, combustion effilciency
values approximately 25 percent greater than those shown would have been
cbtained., A detalled expl&nation of the method of calculation is .

Included 1in appendix B,

nleE
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Considering the effect of fusl-alr retio on the tall-plpe burner
temperature (fig. 6(a)), it will be noted. that for independent operation
of the tall-plipe burner +the combustion temperature- increased linearly
with fuel-air ratioc to a value of 0.04 abové\which‘the rate of lncrease
of combustion temperature with fuel-air ratioc became less. A maximum
combustion temperature of about 3800° R was obtained at stoichiometric
fuel-alr raetio, When the lowest compressor-injection flow -rate
(2 1b/sec) was used in combination with the tail-pipe burner, a com-
bustion température of approximately 36400 R was obtalned with a fuel-
air ratio of 0.059. '

The combustion-temperature date shown do not lnclude date for all
the fuel-air ratlios investlgated in combination with the compressor-
injection rate of 2 pounds per second, The run during which maximum
augmentgtion was achleved included a tail-plpe burner fuel-air ratio
of 0.064, BSufficlent data were not obtained to compute the combustion
temperature and efficlency for this condlitlon., When Increased quantities
of water - alcohol mixture (3 to 5 1b/sec) were used in combination with
tail-pipe burning, the maximum combustion temperature obtalnable was
consideraebly less. The maximum tempersture obtainable with the com-
binatlon of 5 pounds per sscond. InjJectlon and tall-pipe burning was
approximately 670° less than that-achleved with independent operation
of ths tail-pipe burner at the same fuel-alr ratio, The sallent
decrease in combustion tempersture with injection flow rates greater
than 2 pounds per second resulted from significent changes in the com-~
position and properties of the products of combustion and also from a
reduction of the combustion efficiency with the presence of large
quantities of alcohol and water vapor.

For independent operation of the tall-plpe burner the combustion
effliciency reached a maximum value at a fuel-air ratio of approx-
imately 0.04 as may be seen in figure 6(b). The peak combustion
efficiency is shown to exceed 1ideal efflclency and may be attributed
to the assumptions made in the method of calculation. Although the
magnitudes are questionable, the relative values of efficiency are
significant for comparative purposes. : ’

The combustion efficiencies calculated for operation of the
combined-augmeiitation system decrease with an Increase of campressor-
injection rate and are as much as 35 percent lower (5 lbs/sec compressor
injection) than those calculated for independent operation of the tail-

_pipe burner. The decrease of combustion effliclency probably results

from the influence of the water vapor on the combustion process. It

has been found that the velocity of fleme propagation in a fuel-air
mixture 1s subsbantially reduced by the addition of water wvapor., Although
the exact nature of thies retarding action 1s not known, an hypothesis

has been advanced that it i1s the result of disslpation of the high emergy
of OH radicals and newly formed water molecules through collision with
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the normal water molecules. In this mammer, the concentratlon of-the
active energy carrlers ls reduced and consequently, the chemical reac-
tion and propagation of the fleme 1s slowed down. This phenomenon
becomes increasingly important with: greater concentration of water
molecules, A detalled explanation of the process may be found in refer-
ence 5. Generalizing, 1t has been found that increasing the compressor-
coolant-injJection rate decreases both.the combustlion efficiency and the
combugtlion temperature of the process,

Thrust losses, - The loss in normal performance due to the
conpresadr-interstage-injection system was demonstrated in reference 2
to be negligible for the "single-stage" compressor-injection system used
in this investigation. The decrease in thrust attributable to the tail-
pipe burner flame holder and fuel-epray bars ls shown in figure 7(a)
where corrected thrust 1s presented as a function of corrected engine
gpeed, The performance shown in filgure 7(a) was determined with the
tall-pipe-burnsr tail pipe that was larger in diameter than the standard
englne tall pipe. The date for each curve.were obtalned wlth a constant
exhaugtb-nozzle area that was set for each serles to give rated tall-pipe-
gas témperature at rated engine speed. The loss durlng unaugmented
operation due to the presence of the 36 percent blocked-area flame
holder, the larger of the two flame holders used, and the fusl-spray

components was approximately 1 to l% percent of the thrusts A plot of

- the corrected tall-pipe gas btemperature obtained during the thruest-loss
determination 1s shown in figure 7(b) to substantlate the consbancy of -
the turbine-dlscharge-gas temperature throughout this phase of the
Investigation.

Operatlional Characteristics

Operation of both the tall-pipe burner system and the combined-
asugmentation system In the region of stoichlometric fuel-alr ratio was
characterized by combustion Instablility that took the form of high-
freguency vibration. Thils vibration usually resulted in destruction
of the flame holder or other components of the tail-pipe burner and
necessitated lncressling the strength of the varlous parts of the burner
so much that the resultant component welghte became impractical for
alrcraft application, Areas where welding had concentrated stresses
were particularly vulnerable, :

Measurements of the frequency of the sonic vibrations in the engine
muffler revealed that a range of frequencilies from 3500 to 5000 cycles
per second were encountered wilth occaslonal peaks at 6000 cycles per
second. The vibrations experienced probably are a composite of. the
vibrations of various integral parts and assemblies surrounding the. taill-
pipe burner and those caused by oscillatory combustion. The cowbustion
vitrations could result from oscillations creasted by lnstebllity of the

YL22
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combustion between localized reglons of over-rich and combustible fuel—
alr mixtures. Because these reglons are dynamic and ‘therefore are
alternately capable and Incapable of supporting combustion, a form of
oscillstion 1s established. This hypothegis 1s supported by the fact
that the combustlion Instability is critlical at high fuel-air ratios
where proper mixing of the fusl and alr becomes increasingly important.,
Further substantiatlon is offered by the fact that the high-frequency
vibration was eliminsted during independent operation of the tall-pipe
burner and was eliminated under some conditlons with the combined~
avgmentation system when the fuel-air distribution to the burnser was
varied, This variation was accomplished in two ways: (1) by moving
the fuel-spray bars in and out radially across the diffuser, and (2) oy
changing from one deslign of spray bar to another, With an increase in
the tall-pipe burner fuel-air ratio 1t was found that combustion sta-
bility was improved by moving the spray bars outward, thus concentrating
more fuel where the gas stream velocity amd available combustion air
was & maximum. To provide fuel in the air stream near the diffuser
lnner cone, the type-B spray bar, with provision faor increased fuel
flow from the end of the epray bar was used.

Although 1t was possible to eliminste the combustion instebility
during independent operation of the tail—pipe burner, this sliminatlon
was not always possible with the use of the oombined-augmentation system
at high tail-pipe burner fuel-air ratios, The presence of the unburned
alcohol from the compressor coolant injectlon caused a poorer distribution
of the combustible materlal and alr than was present during tail-plpe
burning alone.” In addition, the reduction of the veloclty of flame
propagetion due to the influence of the water vapor caused the poor !
distribution to be even more critical and 1t was possible to eliminate
the instabllity only at the lowest rate of water - alcohol injJection.,

Although the current investigatlion of the combined-augmentation
syatem was limited by combustlon Instabllity, the range of operatloan of
future applicatlions might be extended by providing cptimum distribution
of the cambustible material in the tail-plps burner and availlable com-
bustion alr through proper design of the tail-plpe burnsr components,

A comperison of the flame holder deslgns used during the inves-
tigation indicated, in general, that more stable cambustion at stoichio-
metric condltlons was experienced with larger blocked-area flame holders.
Although the tail-pipe burner alone was operable with an 18 percent
blocked-ares flams holder, & 30 percent or greater blocked-area flame
holder was required when the comblned-asugmentatlon system was used,

CONCLUDITG REMARKS

The meximum avgmented thrust fatio obtained during the investigat’on

,of the use of combined compressor coolant injectlion and tail-pipe dburning
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was 1,70, which resulted from a combination of a fusl-air ratio of
0.064 in the tall-pipe burner and 2.0 pounds per second compressor
coolant inJection at the englme inlet, Achlevement of greater aug-
mentation by combinatlion of compressor codlant InJection rates in-
excess of 2 pounds per second with high fusl-air ratios in the tall~
pipe burner was precluded by inefflcient and unstable combustlon 1n the
tall-pipe burper. The loss 1n unauvugmentsd thrust due to the compressor-
interstage injection system, and the tall-plpe-burner fuel-spray bars

and flame holder was approximately 1 té—l% percent of the thrust.

The combustion instablllity encountered was characterlzed by high-
frequency vibrations that usually resulted in destruction of the caom-
ponents of the tail-plpe burner. Combustion instability increased with
injection flow rate limiting operation of the cambined-augmentation
gystem to slightly lower fuel-alr ratlos with higher compressor coolant
injection flow rates, In addition, the tall-pipe burner combustion
temperature and efficlencies decreased with additlon of-salcochol and
water vapor in the compressor. The lnfluence of the water vapor became
increasingly lmportant wlth the greater concentrations of water vapor
accompanyling Iincreased Injectlion flow rates, Even though the magnitude
of the sugmentation achleved durlng this investigation by the comblned-
avgmentation system was conslderable, 1t appears logical that even
greater amounts of augmentation can be made avallable by Improvement of
combustion in the presence of compressor coolaent injection.

Lewis Flight Propulsion Laboratory o
National Advisory Commlttee for Aeromautlcs
Cleveland, Ohio .

L2
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APPENDIX A

SYMBOIS
(Hgéo - 1/2 Hy,)/2.016 °
exhaust-nozzle exit area, £i2

(Hcoz - Hop)/12.0L

specific heat at constant pressure, Btu/(1d)(°F)
mea.gured tﬁrust,.i;- -
fuel-air ratlo

acceleration of gravity, ft/sec?

molal enthalpy, Btu/(1lb-mole)

enthalpy of air, Btu/lb

heating value of alcohol, Btu/lb
heating value of primary fuel, Btu/lb
enthalpy of water, Btu/1b

Joules constant, 778 ft-1b/Btu
hydrogen-carbon ratio of fuel by welght
total pressure, 1b/ftZ

static pressure, 1b/ft?

gas constant, f£t/°R

total temperature, OR

Jet velocity, ft/sec

welght of air flow, 1b/sec

weight of alcohol flow, 1b/sec
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14
Wy tall-pipe burner fuel flow, 1b/sec
We engine fuel flow, 1b/sec
Wg total gas flow (Wi + Wy + Wy +Wp), 1b/ssc
Wy injected flow to compressor, Wy + Wgis, 1b/sec
W, welght of water flow, lb/sec
¥ ratloc of specific heats
5 P /2116 compréssor Inlet absclute toteal . pressure
L ? abeoclute static pressire of NACA standard atmosphere
at sea level
9 Tl/518 4 . compresgor inlet absclute total tempsraturs
—7'72 abmolute static temperature of NACA standard atmog-
' phere at sea level
Malc . &lcohol cambustion effsctlveness
Ty combustion efficlency of tall-pipe burner
Subscripte:
1 engine inlet
3 compressor digcharge
5 turbine discharge
6 tail-pipe burner inlet
7 exhaust dlscharge

$L22
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APPENDIX B

METHOD OF CALCULATION

Tall-pipe burner combustion temperature., - The tail-pipe burner
cambustion temperature was computed ag a function of measured thrust,
the total mass flow through. the engine and tail-pipe burner, and a
calculated ratio of sbtatic to total pressure at the tall-pipe burner
outlet, The calculated combustion temperature squation has been derived

.Prom the thrust equation

W,
=87
= 7 (B1)

Assuming complete expansion of the exhaust jJet and considering the

-fact that only subsonlc flow was encountered at the exhaust-nozzle exit

during this investigation, the cdmbustionrtem@erature equation is of the
followlng form :

2
Ty = (1) E° g 7 (B2)
j 4
(2%) wg2 Ri1 - <P—7>

For the calculations when tall-pipe burning alone was used, the values
of ¥ anmd cp for the products of combustlon were determined at the
estimated combustion tempsrature and preccmbustion mixture fuel-ailr
ratio, The gas constant R was determined fram the following

- relatlonship:

R=J op (1-%) (B3)

The calculation of the combustion temperatures for the combined-
augmentation system performance necessitated including the influence of
the water vepor from the compressor coolant injection on the values

of ¥y end R used in the compubations. The value of R for water
vapor is only slightly influenced by tempsrature and has been assumed
constant at a value of 85.7, The values of ¥ for the water vapor were
determined from the empirical equation (reference 6),

y = 19.86 + 7;‘30 -, f5§7 ” (B4)
7 7
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The values of ¥ and R for the gas mixture were assumed to be pro-
portional to the welght of the water vapor and combustlon gases present
in the process. A negligible error results in the determination of the
properties of the combustion gases when the alcobol is assumed as an
equivalent fuel. .

The total pressure at the tail-plpe burner outlet P7 was not
mesasurable so thabt the ratlo of total to stetlc pressure at the exhsust
discharge (statlon 7) was calculated from

4
P y=1 . .
A R ¢ 22 1 (B5)
Po 2y 1% A7

which essumes that the static pressure at the exhaust-nozzle discharge
(station 7) 1s equal to the static pressure in the exhaust muffler. The
exhaugt-nozzle velotity and discharge coefficients were not determined
in this inveetigation and have been.assumed as ideal for purposes -of
calculation, - - - —--

Tail-pipe burner combustion efficiency. - The tall-pipe burner
combustion efficlency was compubted as a ratio of the actual enthalpy
rise across the combustar (based on thé cgleulated combustion tem-
perature) to the heat input of the fuel consumed, Ideal combustion of
the engine fuel was assumed to teke place in the primary combustor. '

To provide an estimate af_ the alcohol that burned in the primary com-
bustor. an alcohol-combustion~-effectiveness factor was developed and is
presented In figure 8 as a function of the corrected water - alcohol_
mixture flow rate for the 70 - 30 percent water - aloochol mixture. The
alcohol-combuatlon effectiveness was derived from the consideration of
& heat balance acroms the primary englne combustor and incliuded the
following assumptions: §a) The enthalpy rise through the primary com-
bustion chamber is & congtant for each injection flow rate, and (b) The
commbustion efficlency of the primary fuel remained unchanged. The values
of the alcohol-combustlon-effectivensss factor have beern reduced from
experimental date and are limited to the particular englne-combustion-
chamber configuration investigated, The combustion efflclencies of the
tall-pipe burner were determined by use of the following equation of
the enthalpy rise acrosg the cémbustor. divided by the heat inputs of
the fuels and was based on the dlscussion of combustlon efficlency
calculatlion as presented in reference 7.
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. T,
f (Am+B f ( Am+B W,
hg 7 +[a_ TET)] - Ay 5+ [.{ . + oy 22
7 549 5 5Jz40 Ts
Ny, = _ :

S
alc b
hs ale VW, h— - na.lc}"‘ he r W,

(B6)

In the determination of the fuel-air ratios the alcohol present was
reduced to an equivalent standeard fuel through considerstion of the
equivalence ratios of the alcohdl and talil-pipe.burner fuel.
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(2) ¥Flame holder A with 31 percent blocked area.
Figure 5. - Flame holders for tall-pipe burner.
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(b) fleme holder B with 36 percent blocked area.
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Figure 4. -—Turbojet-engine performance with compressor coolant injec-
tion, tail-pipe burning, ard combined taill-pipe burning and compressor
coolant injection at sea-level, zero raf conditions; engine apeed R
7610 rpm, turbine-discharge ges temperature 1200° F, everage engine-
inlet temperature 80° F. . .
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Figure 5. - Performance limitations of the compressor coolant injection,
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Flgure 7. - Effect of tall-pipe burner components on turbojet-
engine normal performasnce with 2_5%—1nch diameter tall plpe and
varlable-grea éexhsustnozzle.
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Figure 8. - Alcohol-combustion effectiveness as a function of corrected
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